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ABSTRACT: Eventhough(H,0), and (HF), are arguablyhe mostthoroughly c, pimers D, (kcal mol?)
characterized prototfgrés/drogen bondiblgeirheterogene@mlogue,B---HF Theely Bt
hasreceived relatively little attétdrenwve repothatthe experimentaisociation *5.& ....... _
energy gpof this important paradigm for heterogeneous hydrogen bonding is too‘hrgé'%y 2 31
kcalmot?! or 30% relativi® our computed valoé 6.3 kcaimot? For reference, €< ‘\ 3.0 3.0
computatiomp@bcedures simitathose employed here to comp(leede basis set .. : 8.2
CCSD(T) computationgith anharmonicorrectionffom second-orde&ibrational
perturbation theory) provide reishlts0.1 kcalof?! of the experimentalues for
(H,0), and (HF). Near the CCSD(T) complete basis séhdimliéctronic dissociatipn
energy fos®--HF is ~4 kcal Mhialrger than those $n){Hnd (HF)(~9 kcal mél
for the heterogeneous dimer vs ~Sfocahembomogeneous dimers). Results repefted-------------
herefrom symmetry-adapted perturbatiorcdh@ouyationaggedthatthislarge

difference is primarily due to the induction contribution to the interaction energy.

HTRODUCTION thatsame yeaan experimenttldy by Thomassigned
e di

ofHa ; alibrationetodesand made the fiedtempdtthe
modesn;setresms fbggrgge?‘rebgr%%wgetgeixrggs;ir;vgjaesly st e g?mination of dissociationléhwgséizgations into the
received relatively little attention compared to its hs\?%ﬂéﬂ%&@pedrum of@heHt dimer found only a‘e_smgle
counterparts®, and (HF) both of which have their owf™™M N the gaphasethatof watems proton acceptor.

CAS registry numbEz5655-83-8 and 30664 +E2gec- Howeveit was not possible to d|§cern yvhe_ther the complex
tively)The (H0), dimeis particularly wetiudiedyith ~ Nad G or Gy symmetrubsequentvestigatiooisthe
energetiexamined by methaui$o coupled clusteth vibrationapectrum determined thaequilibrium con-
singledoubletripleand perturbative quadruple (CCsDformation hasgmmetnyjth HF and O defining the plane
(Q))* excitations and with vibratiodak examined by a®f symmetry (FiguréThe G,structure is a transition state
variety afiethodsncluding locabdedRecent computa- cOnNnecting two equivalentinima to form a symmetric
tionaktudies have examined heterodiRasitbfother doutﬂg well potential with a low barrier on the order of 0.5 k
moleculdacluding C@O,, N,, Ar,and HCt:>This study of

examines the heterodimer of HPwAtthBugh both HF  Additionaspectsf the H,0--HF complekavebeen
and H,0 can readilydonatea hydrogerbond, their measured experimentally, including the ditiie moment,

heterodimexhibitenly one low-energgonfiguration in Planebendingotentiaénergyfunctionand barrierto .

which thevatemoleculaccepta hydrogen bond from inversior the nu_clear—spm—nu_clear—spln hyperfine coupllng

hydrogen fluofidenoted here a®HHF. constan]%a Fourier transform infrared (FTIR) spectrum in
The investigatiorttef HO--HF dimer as a prototypicaPrgonndUd'ng ewdencelfor inversion doubling of vibrational

hydrogen-bonded systemtd@89when Kollman and P€aks,and Stark effects in the rotapenstufri Force

Allen performed the eshiempiricahd lateab initio ~ constant®or hydrogen-borsdretchingnd out-of-plane

studies of,®--HF.They predicted that a stable dimer ing potentiage found fahe HO--HF complék

form in quantities large enough to be investigated sp%’% r nfirmed biepeating thexperimemith the

cally.Shortlythereafteancockand Greehstudied the D70-DF complekA second experimeditdrmination

deactivation of vibrationally excited gas-ph@saridF byofithe dissociation energyttiatincludethe zero point

D,0.The high deactivation rate and the similarity beté{c l%?fa%maﬁ*;ggsi(tzi(I)Dr\TlsEe)alrJrf)%crlnat?rﬁ:)heorgtﬁ;ﬁ% cg)]r;;ntensmes

H,0 and BO rates led them to sugdpestormation af ;

complex or quasicomplex between MF, whitH lasted phas€ *%to obtain agvalue 08.2 = 0.1 kearlof: The

forthe period afany HF vibratioirs,which vibrational dissociation energy from geometric equlilbaaibacl-

energy transfeok plac&he existence tfe HO:--HF

dimer was confirmed by microwave spectroscopy in R8Z&weitiApril10,2018

the observatioradbw-frequency intermonmood® not  Revised: Aprill8,2018

presenih the pure spectraitfier monomer at8hater  PublishedApril18,2018
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Figure 1SelecECSD(T)/ha5Z optimized bond lerfd)tend
angles (deg) for theré@nsition state (top) agldl@ininimum
(bottompf theH,0---HF dimemwith corresponding MP2/ha5Z
values in square brackets.

calculated based on the harmonic approximation for
modes and a quartic potential for the doublgivieth m
D. = 10.3 *+ 0.2 kcahotl Thesearethemostcurrent
experimentally derived valyenbfdof HO---HF.

For the HO---HF dimercomputatiomedrk® provided
assistand®r the reassignmenf the experimerttaf?

mot1for the formaile the differences between theoretical
and experimental donor stretching frequenciéowere 3 cm
(H,0), and 1 cmfor (HF).
The aforementioned experDpeataés for {B), and
(HF), were determined by vibrairedasociation (VPD)
method&ther examples erithe literatunehere Por
experimentally inferredlDes from VPDsafilar weakly
bound complexasin excellerdgreememtith modern
theoreticalethod§,forexamplél,0---HCF!3%and N+
HF.333*When only harmonic ZPWsre usednoderate
agreemehétween theory (CCSD(T)dnhd MP2 ZPVE)
and experimeftariousnoleculdseam techniquegas
found foD, value$or 10 hydrogen-bonded commiexes
aromatichromophorasd smalmoleculés.Reasonable
agreemethias also beenfoundbetweehheoreticaind
experiment&D fragmentation pattemndCCH com-
plexes with HOCI,HF, and OH radi¢4D, values for the
small-molec@itaner¢H,0); and (HCI} determined by
VPD also have good agreemiéntmodern computational
techniqu&s3¥or the (HR)and (HChdimers gas-phase
equilibrium methdahsedon intensitiesf vibrational
Hgg}éiﬁ@‘?s)rovided measurements in line with VPD results,
ghough VPD results had smaller effot'timacentrast,
the most recent experimdota® -HF was meastfted
using agas-phase equilibrium techHragee on absolute
intensities of rotattoaasitiohsFor the similar HCN--
HF dimer,D, valuesletermined by absolute inten$ities

fundamenfedquency for the HF bond stretch from 36d8tasionatansitiotior by relative FTIR intensitiesve

3634 cmh This reassignment invalidatgibth$OD-HF
determined by Thomas,that value fgriias computed
based on the intensityaahis-assigned HF stregtter
reassigning this peak, Bulychev et dfthaggesticidnal
experimentald theoretigalestigationtbke system was
neededncluding additioamharmonic calculatidrese
have also been some more rdédghtlevebmputational
investigationdpfforthe HO---HF dimedissociatidn.
1999 Halkieret al. reported D= 8.5 kcalmot? from
counterpoigerrected CCSD(Tand a two-poinéxtrap-
olation to the complete =<ismit(CBS) from aug-cc-
pPVQZ and aug-cc-pV5Z valtfetn 2007,Boeseet al.
determined the dimerization enargyrobeof dimers
with the W2 metlgdbdng 3= 8.7 kcal méor the JD--

HF dimet>Most recentemaison andyfii€® calculated

been later found to be significantly different from those give
by more reliable VPD techfifques.

To resolve the aforementioned disdoeimaextn exper-
imentally and theoretically derivedfovéluasd @ of
H,0-:-HF the present study determines an accurate zero-poir
corrected dissociation energy as well as fundamental vibrati
frequencies using similar methods to those that were succe:
for (H,0), and (HF),?° Theseresultsan be directly
comparedvith futureexperimente help resolvethis
discrepan@&ithough seveyadups have reportades
computed by high-lmethodé 2%nd another group has
computed an anharmonicahyected HF stretchifrg-
quenc¥, thiswork isthe firsto report fully theoretical
calculation bf for the dissociationh& HO---HF dimer
with ZPVE modeledy VPT2 with correlatedb initio

the dimerization energy at CCSD(T)/aug-cczp¥9Das [§lectronic structure methods and large correlation consister

kcalmot? and noted thttere was significadifference Dasis sets.
between their results and the expeainefdalDrhey
speculated that the deviation was due to the difficult W;TAT'ONAL DETAILS

modeling the vibratemarigy for the doublepeédntial
and noted that the experilbgendslie seemed compatib
with theirfvaluelThese computedvBlues for,@:--HF

are considerably |atuger those found in the {HRNd
(H,0), dimer§ (4.6 and 5.0 kaadt? respectively).

The large discrepancy between the experimentally
equilibrium dissociation engrgyl (08 kcalot)?®and
recent theory for th@-+HF dimer is somewhat surprisi
given thahe experimerndimkociation energfébe two
closely related homogeneous diegrand (HF) were
welldescribed by CCSD(T) computatiddhsquadruple-

e CFOUR packabeas used to perform all of the coupled
ldustecomputatiomsthisstudy with sir%?di)ubleand
perturbative triple excitatibhe G@SD(TY *tnethod),
whereasecond-ordégller—Plessgterturbatiorheory
(MP2Y calculatiomsere performed with CFOURva$l
aisfGaadsian*®®P2 and CCSD(T) geometry optimizations
and harmonfcequency calculatimmseperformed using
agalytic gradients and Hesgidneyixed basis seting
Dunning’sorrelation consisteadisets’>°cc-pVXZ on
hydrogen atomarsd the correspondingaagimented with
diffusdunctiongaug-cc-pVXHn heavynon-hydrogen)

quality basis sets when anharmonic effects were evahiatadmittinX = T,Q, 5 (abbreviated as haXdylitional

second-order vibrational perturbation thédFgrra2).
(H,0), and (HF} homogeneousmplexadhatcomputa-

calculations were performed with Dunning’s fully augmente:
basis sets aug-cc-pVXZ (withQX556Tabbreviated aXZ).

tional procedure provided comgpatedsDwithin 0.01 kcarhe subseif data obtained with the larger aXZ basis sets is
mot! of the experimemalles for the latter and 0.06 kdabulated in the Supporting Inforemadibtime results are
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Table 1Harmonic Vibratiolegéquencies (in thnand ZPVEs (in kcalof) for the CForm of the @---HF
Heterogeneous Dimer asawéhe Corresponding Anharmonic Corrections and Estimates from VPT2

harmonic AVPT2 correction VPT2
MP2 CCSD(T) MP2 MP2 MP2 CCSD(T) anharmonic
mode ha5Z ha5Z haTZ haQZz ha5Z haTZz estimate
1 223 222 —-46 -51 -53 —-46 169
2 245 242 -34 -34 -33 -39 209
3 264 263 -79 -78 -79 -80 184
4 712 704 -105 -104 -103 -110 601
5 837 827 -113 -112 -111 -117 716
6 1634 1651 =54 —-46 -59 —46 1592
7 3736 3782 —-139 —145 —146 —138 3636
8 3835 3833 -167 -169 -170 -169 3663
9 3953 3936 -178 —180 -181 —-183 3755
ZPVE 22.07 22.10 —-0.50 —-0.50 -0.51 -0.52 21.60

ACCSD(T)/ha5Z harmonic values with MP2/ha5Z AVPT2 corrections.

very simildo those from the haXZ bsstisin addition, Information alomgth thecorrespondi@@rtesian coor-
second-ordeibrationglerturbatiatheory(VPT2p1~>%  dinates.
analyses were performed with CFOUR to estimate anhafibmationaFrequencies of the GlobMinimumThe
effectfor the minimum-energy struofui&€sand HO0 MP2 and CCSD(T) harmonicvibrationafrequencies
monomers angd+-HF dimeforce constants needed foassociatadith both structuresre alsoreportedn the
VPT2 were calculated numerically from finite ddferengepportinipformatiohe basisetconvergenog the
analytisecond derivatizeEheseanharmonfcequency harmonic vibratidreguencies foOH-HF is very similar
calculatiomgere performed with ts&ti®ip to haTZ for  to thatobserved fdhe (HF) and (HO), homogeneous
CCSD(T) and ha5Z fdvP2.In all caseghe frozen-core dimers. The presendtudy also revethathaQZ isthe
approximation wasarsg@@dpherical harmonic functions $hajlest basis set in the series that consistently provides MI
5d,7f) were used instead of Cartesian fAlhCtdmesian harmonicvibrationafrequenciewithina few inverse
forcesassociatedith optimizedstructurehavebeen  centimeterstbé CBS limit values regardiesetbfer the
converged to less than T Harfr@e Botifor structures counterpoise proceduapjsied onot (average absolute
optimized by CFOUR and less thaniHarre@ Botir  deviation of 4¢nMP2/haQZ harmonic frequencies give a
for structures optimized by Gaussian 09. maximum deviation from CBS valfi@cnt! without

The use of finite basis sets in the computation of di€ggéiipaiseorrectiorand 12 cnt* with counterpoise
or interactioenergievia the supermolecularethod  correction. .
introduces an inconsistency commonly referred to as bderigggcent of the behavior observed for the homogeneot
superposition ertBSSES®5’The effectsf thisincon-  (HF); and (HO), dimer&;the MP2/ha5Z and CCSD(T)/
sistencywere assessethroughthe applicationf the ha5Z harmonic vibrational frequencies in the leftmost colun

counterpoise (CP) procedure fordimers. of datain Table 1 are quitesimilarfor the low-energy
intermolecular modes (withit)1@leeneas the deviations
SULTS AND DISCUSSION are somewhat larger blgsstihan or edoad6 cmifor

the intramolecular moalesequenttllye harmonic ZPVEs

Optimized Structure®©n the basisof therotational of the G minimum from MP2/ha5Z and CCSD(T)/ha5Z
spectrum of the dimer, a single form of the dimer is ghsgiie@dyrcomputations are virtually(268cal0.02
the gas pha¥ée find the sangglGbal minimwvith HF  kcalmot). The harmonic frequerfoiehe G transition
as the hydrogen-bond dénother minimumith HF as  state exhibits the same behbhererthe magnitudbef
the hydrogen-bond acdepband at lower levels of theadifference is 39for the HF stretching mode and less than
such as RHF/STO-3lGyt optimizations from that geomatryn® for the imaginary mode.
collapse to the global minimum with larger basis sets &gt ST, minimunfour differensetsof anharmonic
Hartree—Fock methidusreforenly the complex with HFcorrections from VPT2 computations (AVPT2) are also listed
as hydrogen-bond danimvestigated héne. HO---HF in Table 1.The MP2/haTZ and CCSD(T)/haTZ AVPT2
dimercan movdrom theC; globaminimum (Figurk, values never deviate from each other by ntardd¢tman 8 cm
bottom) to a symmetry-equi€ateintimum by travelingresultthe corresponding anharmonic corrections to the ZPVE
through a plangstfansition state (Figutep)., differ by less than 0.02rkot Consequenttize MP2/

SelecMP2 and CCSD(T) optimized geomgiaieahe- ha5Z anharmomiarrectiorsreused as proxyfor the
ters obtained with the ha5Z basis set for both statione@gp@ipisa5Z valuékereby avoiding numerous demand-
are provided in FigurEhe.MP2 and CCSD(T) values areing analytic CCSD(T) Hessian computiatidhe VPT2
verysimilarEventhe differences the intermolecular procedureincludingsomeat reducedsymmetryThe
parameters do eateed 0.007 A and 0iB&.deviations fundamenfatquenciasd anharmonic ZPVE reported in
between the haQZ and ha5Z results are evemrgamallethe lastolumn ofable 1 were obtained by combining the
suggests the optimized structures@nmeaevgdl.more  harmonic CCSD(T)/ha5Z values with the MP2/ha5Z AVPT2
complethkst of parameteisstabulated in ttupporting values.

4904 DOI: 10.1021/acs.jpca.8b03397
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Table 2Dissociation Energiesd®d RQ) and Various ZPVE Corrections (inrko#l) for the HO---HF Heterogeneous
Dimer

harmonic VPT2

D, 8ZPVE Dy danharm 8ZPVE Dy
MP2/haTZ 8.83 —-2.70 6.12 +0.24 —2.46 6.37
MP2/haQZ 8.75 —-2.67 6.08 +0.24 —-2.42 6.32
MP2/ha5Z 8.71 —2.65 6.07 +0.24 —-2.40 6.31
MP2/ha5Z(CP) 8.58
CCSD(T)/haTZ 8.81 -2.75 6.05 +0.25 —-2.50 6.31
CCSD(T)/haQz 8.74 -2.71 6.03 [+0.2%] [—2.47 [6.271
CCSD(T)/ha5Z 8.70 -2.70 6.01 [+0.2%] [—2.4%] [6.25]
CCSD(T)/ha5Z(CP) 8.61
CCSD(T)/CBS(CP) 8.51 ref 24 (aQZ/a5Z extrapolation)
W2 8.69 ref 25
CCSD(T)/a5z 8.97 ref 26
experiment 10.25 £ 0.19 ref 18 8.20 £ 0.07

3CP procedure only applied BdAT2 anharmonic shift to ZPVE (6anahrm) from corresponding MP2/haXZ computations.

The HF stretch associated with the donation of the matrogadrews and Johrnésaw evidencee#k splitting
bond has been the most thoroughly scrutiaig€d-of due to inversion doubling anaithiple A&nvironments.
HF vibrationalodedoth theoretically and experimentallye experimentarrierfor the H,0O---HF inversion was

In 2005the experimenthlistretch for the complex wadetermin€dto be 126 = 70 cnT! with theassociated
reassigriéto 3634 chand its change on complexationwilarationahodeof 64 + 10 cmt Each levedf theory
found to be —3321dm 1999, Silvi éttad calculated theemployed in this study gives an electronic barrier height thz
shift in HF stretch on complexation by MP3/6-311++6li@tdfRpsmaller than the fundamental frequency of the inver
with and withoUu&P correctionhased on dourth-order mode. For exangtléhe CCSD(T)/haTZ lebhed,barrier to
polynomiéik of energy poinWithouCP correctiothe inversion was 133 tand the associated VPT2 frequency
shift on complexatiof-357 cnm) wascloseto the was 178 chRegardless of whether inversion doubling occurs
experimentallue (—354 cbased on the mis-assignedn the }0--HF complex or not, the experimental data and ou!
peakThe same procedure with counterpoise correctionogapetatiomasulténdicate théhe overadiffecon the
shift (—332 thequivalent to that for the reassigned pRKE contribution to the dissociation emergynwiill

Our fully anharmonic HF stretching frequency of 363®@sociation EnergySeveratomputatiorddtermina-
from CCSD(T)/ha5Z with VPT2 vibratmmnettions from tionsof Dy and Q are shown in Table 2 along with the
MP2/ha5Z aligns well (within'Rveith the reassigned HFexperimentalues.Recenhigh-levetheoreticadlues for
stretching mod&684 cm The HF stretching frequencyD,range from ~8.5 to 9.0 kéaDardiP2 and CCSD(T)
with harmonicCCSD(T)/ha5Z and VPT2 vibrational D.values obtained with the ha5Z basis set of 8.71 and 8.70
corrections from MP2/haQZ is also withirfTaldm 1). mot?’ respectivelgllin the middle bifiis rang&he CP

The only resonance between modes reported by thprge&@urenly decreasdd, by ~0.1kcalmot? which
computatioirs CFOUR at the MP2/haTZ,MP2/haQZ, suggests the results are close to the CBS1&meiBSSE
MP2/ha5Zor CCSD(T)/haTZ levels was between the finstust vanish by defidttismlso noteworthy that for a given
overtone tfie out-of-plane HF libration (mode 5) and tesis set the MP2 and CCSD{Vhlies differ by no more
H,0 bending fundamédntatie 6)\which have CCSD(T)/ than 0.03 koabt?
ha5Z harmonic frequencies at 827 antiréépadctively.  For furtheimsightnto the exceptionally laggef Ehe
That overtone also had the most significant IRaHtenskgtefodimesiative to the (HRAnd (HO), dimerdigh-
overtones and combination bands computed with upleveldptainetry-adapted perturbation(S&dnycalcu-
ofthree vibratiogadntaanging from 66 to 147 km mollatiorfs ~®Wwere performed fottatte systems to compare
depending on the method and basis set employed foththén¢®iattion energy contributions indkmrhosifatic,
computatio®nly fiveotherovertonesnd combination exchangeductiomand dispersion contributions with SAPT2
bands had VPT2 intensities of at least 1Tkimgnmlp + 3(CCD) &, using the haQZ basis set in the Psi4 software
consists of the overtoneg@Rand 5(2) along with twopackagé. Both the attractivelectrostatand repulsive
combination bands 1(1) + 3(1) and 1(1) wheéf®)the exchange componargsuch largerthe mixed -
integerin parentheseenotehe numbenof vibrational HF dimeifincreasing in magnitude by m6tkealch and
quanta fathatmodeThese six VPT2 frequenaied IR making contributions of opposite signs tio tive toiter
intensities can be found in the Supporting Informatioenergyowevethe increased stabilization igCthvélH

Inversion BarrieThe study ofthe HO---HF dimeis induction energy (>3.50rkob} and dispersion energy
complicated by the low inversion barrier betwegn thd®®®6kcal mot) yieldan interactioenergywith a
formsSymmetraouble-waglbtentialsith smalbarriers magnitude more than 4riafallarger than that for either
have a fine structure, where all lines are doubled for hoodediwiditee the Supporting Informatibhef@APT
energies below the barrierdsaiigimionstrated for the caseergy components in each dimer.)
of NH; inversion doubffhdSuch splitting may be presenfio determine an accurgtfe0---HF,harmonic and
in the KO---HF dimem the vibratioséctrum of the HF anharmonic ZPVE correctiopsvewveDcalculated with basis
librationatodes for the®--HF complex in a solid argorsets ranging from haTZ to hath& #MP2 and CCSD(T)

4905 DOI: 10.1021/acs.jpca.8b03397
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level®f theoryThe MP2 and CCSD(T) harmonic ZPVE computed,Bnd the experimearaiale o8.2 kcahot?tis

corrections teiB the second column of data in Table 2usrexpected for this very important prototype for heterogene

quite simil&&ZPVE valuasithin 0.05 kaalot! of each  hydrogen bondiithough the heterodimer is expected to be

other for a given basi®©teburséhis is a consequence afore stable than either honfodimeomputations show

the trendin vibrationflequenciasready discussete that the heteroding&r &pproximately twice as large as that

harmonic 6ZPVE corrections dedrgas2.D kcal ThHol for eithehomodimé6.3 vs~3.0 kcainot). Thatratio

yield MP2/ha5Z and CCSD(T)/ha5Z harmporatubs of approaches 3 with the current expgrieieatirf®---

6.07 and 6.01 kaat? respectively. HF (8.2 kcal mbllt is suggested that the experimental value
Intramonomer and intermonomer modesOrn-Hiie H of the dissociation energy be redetermitl@d doner,

complex have opposite contributions to G¥PWiEn&T. because it is 30% larger than our best estimate reported in

The intramononfarmonic vibratidneduencishiftto studyA SAPT analysisuggesthatinduction iprimarily

lower energyupon complexationyhich increaseshe responsible ftre significamcrease infor H,0O---HF

computed dissociation engrgyIDoy ~0.5 kcalot? (~8.7 kcahot?) relative to the values f){ldr (HF),

Converselythe new intermonombarmoniwibrational (~5.0 kcahofland ~4.6 keabt? respectivelyf®

frequencieésve the oppositfeciand appreciably larger

magnitude (by roughly a factan ex#ended analysis an SOCIATED CONTENT

discussion of 8ZPVE for dissociation in terms of the h# orting Information

frequencies foyQH, H 0 +-HF (HF), and their monomersthe Supporting Information is availabtédiree oh the

caAn l%e found I_? t?ée Stri]ppor_tlng I&fogpalt_lor?t-l o AtCS Publications website at DOI: 10.1021/acs.jpca.8b03397.
nharmonicity (danharm in Table 2) slightly attenuates the, . . : :

effectof the ZPVE on the dissociatiornergy.VPT2 E_]Zrtﬁg'nacrr;%%rg Iig?:éi?i?i;?aorg(lagiz)? nhhaar:rr?oonr}lcc

computations indicatéttbsé anharmonic effects decrease cor?tributions to ZPSEPT enery compondalis

the magnitude of 6ZPVE by ~Oradtkdakereby slightly Citations for CFOWaussian (B?c}i/ b ?PDF) '

increasing 2lative to the harmonic eshotatsat the

MP2/haQZ and MP2/ha5Z anharmaruoection®an- !H
ha j

harm) were applied to the corresponding CCSD(T) HOR INFORMATION

8ZPVE values to estimate the VPT2 6ZPYEesnttdat Corresponding Author

the CCSD(T)/haQZ and CCSD(T)/ha5Z lewéltheory.  *E-mail: tschumper@olemiss.edu.

Nevertheledse MP2 and CCSD(T)IVPT(?_vlaIues remain orcip

gegnsalz'éﬁgff%rr‘sc'%gg?.rl) /ﬁ;zhzo‘r forMP2/hasZand | leman Howaraho-0003-4296-1849
These anharmobig valuediffersignificantly from the Gregory chumper00-0002-3933-2200

most recent experimental determig(&i2® af@07 kcal Notes o

mot?).18 Althoughinversiomoublingouldoccur(vide ~ The authors declare no competingifitemstal

suprakhe related intermonomer mode is low in energ

thuscontributemly a smalhmounto the overallPVE -KNOWLEDGMENTS

contribution toD(HF), also hasa similadouble-well Supported under the Nation Science FoGnaatibios.

potentidbr the analogous mae, CCSD(T)/haQZ with 0IA-1430364 and CHE-166Z8@8Mississippenter for

VPT2 was found to be a good model for tigaringgPem, Supercomputing Research is thanked for a generous allotme

within 0.01 kaadt!of the experimevethleAccording to  of computer time.

our calculatiorthetotalanharmon#PVE correction to

obtain ffrom Ris ~2.5 kcal mdbr HO--HF (Table 2). FERENCES

This correction is substbatiaimilar to the 2.1nkab! e7g5).; HobzaP.; etal.CCSD[T] Describdéoncovalent

difference betwegraBd I given by Legon et:® For  |nteractionBetterthan CCSD(T), CCSD(TQ), and CCSDT
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